ABSTRACT -(Changes in polyamines associated with zygotic embryogenesis in the Brazilian pine, Araucaria angustifolia (Bert.) O. Ktze.). Changes in the polyamine content were analyzed in different embryo developmental stages and tissues during seed development in the conifer Araucaria angustifolia (Bert.) O. Ktze. Free polyamine contents varied according to the tissue and stage of embryo development, the highest levels occurring in the embryonic axis at the early stages, when putrescine and spermidine were most abundant. The levels of spermidine were higher from the stage where cotyledons arise, whereas putrescine decreases. The putrescine/spermine+spermidine ratio was higher during the initial phases of seed development, corresponding to cell multiplication and elongation, with a decrease in the final stages, corresponding to stabilization of the dry matter content.
Introduction
Araucaria angustifolia (Bert.) O. Ktze, Brazilian pine, belongs to the most primitive genus amongst the conifers, and it is the only native conifer of economic importance in Brazil. In this species, attempts have been made to use tissue cultures as an alternative in reforestation programs, with little success. In this regard, it has been difficult to induce somatic embryogenesis from somatic embryos in this species . The ability of pre-cotyledonary zygotic embryos to produce embryogenic cultures is restricted to a few months, disappearing when cotyledon development starts (Astarita & Guerra 1998) . On the other hand, there are few studies concerning the physiological and biochemical aspects of embryo development in Araucaria (Owens et al. 1997) . Astarita et al. (2003) have identified several alterations in protein and aminoacid profiles during the zygotic embryogenesis in Araucaria angustifolia, associated with characteristic morphological events. The identification of biochemical markers during zygotic embryogenesis could be useful to improve protocols for inducing somatic embryogenesis.
Polyamines (PAs) are compounds present in all eucariotic cells (Heby & Persson 1990 ), occurring as free or conjugated forms with phenolic compounds and molecules of low molecular weight, or linked to macromolecules and to the cell wall (Galston & KaurSawhney 1990 , Bajaj & Rajam 1996 , Aribaud et al. 1999 . In plants, PAs are synthesized in large amounts in young tissues (meristems and growing tissues), and are also present at high levels in quiescent seeds from different species (Santanen & Simola 1999) . PAs have been regarded as a new class of plant growth regulators, hormonal second-messengers, and one of the reserves of carbon and nitrogen in cultured tissues (Flores & Filner 1985 , Altman & Levin 1993 , Kakkar et al. 2000 .
The crucial role of PAs in somatic embryogenesis (Minocha et al. 1993 , Minocha et al. 1999 ) includes certain conifers (Montague et al. 1978 , Montague et al. 1979 , Baker et al. 1983 , Robie & Minocha 1989 , Amarasinghe et al. 1996 , Minocha et al. 1999 , Santanen & Simola 1999 . Minocha et al. (1999) observed changes in the metabolism of polyamines during the development of zygotic and somatic embryos in Pinus radiata D. Don, and demonstrated characteristic parallel changes in these two processes, involving major changes in the Putrescine/Spermidine ratio during the development of both types of embryos. Furthermore, the relationship among PAs content was different in the developing embryos and the non-differentiating residual tissue.
This work describes the changes in free polyamines content during different stages of zygotic embryogenesis in Araucaria angustifolia.
Material and methods
Plant material -Female cones of Araucaria angustifolia (Bert.) O. Kuntze were harvested in the summer (1998), from December to March (stages 1 to 6) in a natural population (Campos do Jordão State Park, São Paulo, Brazil). Harvest dates corresponded to the sequential development stages from which samples were taken for biochemical analysis. The final harvest date was determined by the time when seeds were able to germinate (stage 6).
Harvest dates were used to identify different stages of embryo development (figure 1). Samples harvested in stage 1 (figure 1a) exhibited an immature embryo, a mucilaginous megagametophyte and a suspensor attached to the embryonic axis. After stage 3, the embryo was already organized with a primordial cotyledon structure.
Although small cotyledons were present in stage 3, they could only be excised following stage 4. Immature and mature seeds were removed from the cones and dissected to separate the gametophyte, embryonic axis and cotyledon tissues when present. Two replicates (10 seeds) per stage were used. Tissue samples were stored at -20 ºC before biochemical analysis. Polyamines -Tissue samples were frozen and homogenized with 3.5% PCA ( tissue: PCA ratio 1:4 w/v), with hexylamine (1-aminohexane) as an internal standard. The samples were incubated in ice for 1 h and centrifuged at 20,000 g for 20 min. Aliquots of supernatants containing free PAs, were dansylated with dansyl chloride (10 mg.ml (1990). The mixture was vortexed and incubated at 70 ºC for 50 min; L-proline (100 mg.ml -1 H 2 O) was added to each vial, and after 30 min in the dark, the derivatized PAs were extracted with toluene (1:4 v/v). Each sample was analyzed by HPLC in a C18 reverse phase column (Shimadzu Shimpack CLC ODS). The solvents acetonitrile and 10% acetonitrile in water, pH 3.5, were programmed for the following gradient: 40%-70% (0.01-5 min), 70%-100% (5-15min) and 100% (15-25min), at the flow rate of 1 ml.min -1
. Excitation and emission wavelengths at 340 and 510 nm, respectively, were used for a fluorescent detector. Peak areas and retention times were measured by comparison with standard PAs: putrescine (Put), spermidine (Spd) and spermine (Spm). Two different aliquots were used for each sample (10 seeds), and three determinations were made for each aliquot. The reported data are averages of convergent determinations. Dry matter and water content -Fresh matter was determined in the gametophyte, embryonic axis and cotyledon tissues when present. The different materials were maintained for 72 h at 60 ºC, to obtain the dry matter.
Results and Discussion
Free PAs content in mature seeds of Araucaria angustifolia varied according to the tissue and stage of development. The highest levels were observed in the embryonic axis, at the early stages of development (stage 2), when Put and Spd were the most abundant PAs (figure 2). The levels of Spm in the initial development of Araucaria angustifolia cotyledons (stage 3), were four times higher than the contents of Put and Spd (figure 2). In mature seeds, when dry matter reaches the maximum (figure 3), the Spm level was higher, followed by those of Put and Spd (figure 2). The same pattern, with higher levels of Spm than of Put, occurred in zygotic embryos of Pinus radiata D. Don (Minocha et al. 1999) . However, in mature seeds of Picea abies L. Karst, Put was the most important PA (Santanen & Simola 1999) . According to Galston and Kaur-Sawhney (1990) , Put alone could maintain cell proliferation but, the presence of Spd and Spm is essential to induce differentiation in yeast and Daucus carota L. cell cultures. Although evidence has accumulated suggesting an important role for PAs in regulating DNA synthesis and an orderly progression through the cell cycle, a general causal relationship between PAs and cell growth in plants has not yet been unequivocally demonstrated (Kakkar et al. 2000) .
The competence of Araucaria angustifolia cultures to produce somatic embryos occurs from very early developmental stages, stage 1 of zygotic embryos (Astarita & Guerra 1998 ). This restricted phase of competence could be related with the highest Put content observed in different tissues at the same period (figure 2). The requirement for PAs in the initiation of somatic embryogenesis may not be universal, nor needed during all stages of embryo development (Kakkar et al. 2000) . Higher levels of Put than of Spd were reported in embryogenic cell cultures of carrot (Feirer et al. 1984 , Robie & Minocha 1989 , but different stages of embryogenesis were not studied. Carrot cells having an excess of Put were shown to be more competent to undergo embryogenesis, but although such cells reached the globular embryo stage, they failed to develop further (Bradley et al. 1984 , Bastola & Minocha 1995 . The activities of different PAs could be different and varied at every developmental stage in embryogenic and nonembryogenic cultures (Kakkar et al. 2000) . In Picea abies (L.) Karst, Picea glauca Voss and Picea rubens Sarg. (Minocha et al. 1993 , Amarasinghe & Carlson 1994 , Amarasinghe et al. 1996 , the level of PAs is variable and does not correspond to a standard morphogenetic response. In different angiosperm species, high levels of Put can be effective to inhibit cell proliferation and differentiation (Martin-Tanguy 1997). Andersen et al. (1998) proposed that the stimulation of morphogenetic processes by high levels of Put in cell cultures, reflects a raising in the "turnover" of PAs metabolism, with a consequential reduction in ethylene production. Studies in Picea glauca with inhibitors of PAs biosynthesis indicate that such substances interfere only in the early phases of somatic embryogenesis, without effect on advanced somatic embryos (Kong et al. 1998) . Minocha et al. (1999) observed an increase in PAs content of the embryogenic axis in Pinus radiata D. Don seeds coincident with a decline in the megagametophyte and proposed two possibilities for this response: 1. that there are fluxes of PAs from the megagametophyte to developing embryos and, 2. that there is an increasing PAs biosynthesis in the embryos coincident with a decline in the synthesis and/or an increase in the catabolism of polyamines in the gametophyte.
In the megagametophyte and cotyledons of Araucaria angustifolia seeds, a low level of Spd and a high level of Spm was observed (figure 2). The decrease of Put and the increase of Spm, in the embryonic axis, from stage 3 until the mature seed, suggest two hypothesis: i) an increasing Put conversion to Spd and Spm, resulting in an accumulation of Spm in the tissues or, ii) an increase in diamine-oxidase activity with a consequential increase in Put degradation, with the formation of succinate (Bouchereau et al. 1999) .
The relative amount of PAs is correlated with the competence of tissues for somatic embryogenesis (Lee et al. 1997 , Kong et al. 1998 , to control different physiological events such as tissue rejuvenation (Rey et al. 1998 ) and the cellular elongation in plants (Shen & Galston 1985) . The Put/Spd+Spm ratio has been correlated with the synthesis of macromolecules (Lin et al. 1984) . In Araucaria angustifolia the proportion between the Put levels and the other PAs was higher during the initial phases of seed development, corresponding to the cellular multiplication and elongation (stages 1 to 3), with a reduction in the final stages, corresponding to stabilization of the dry matter content (figure 3).
Spm is considered more active than Spd and Put in biological processes (Van den Broeck et al. 1994) . PAs are important in the maintenance of the viability of quiescent seeds, by acting on the stabilization of cellular membranes through reducing trans-membrane phospholipid movements, interacting with the nuclear proteins that determine the spaced configuration of DNA, and stimulating the synthesis of pectins and hemicellulose beyond the anti-oxidant effect (Bouchereau et al. 1999) .
As morphogenetic events that occur in zygotic and somatic embryogenesis are similar (Dodeman et al. 1997, Dong & Dunstan 1999) , the knowledge of endogenous changes in PAs could allow for a more strict manipulation of tissue culture conditions, and the obtention of somatic embryogenesis.
